the San Francisco Bay Area of California may meet this new standard. This study investigates the relationship between daily mortality and air pollution in Santa Clara County (a Bay Area county) using techniques similar to those utilized in earlier epidemiologic studies. Stastically sigificant associations persist in the early 1990s, when the Bay Area met national air pollution standards for every criteria polutant Of the various pollutants, the strongest associations occur with particulates, especially ammonium nitrate and PM25. (1) . This criteria document and the later staff report (2) concluded that the preponderance of evidence supports a causal connection between fine particulate levels and various health effects, including mortality. This led to the establishment of national standards for particulate matter < 2.5 pm in aerodynamic diameter (PM2.5).
A previous study (3) showed that an association existed between particulates [measured as coefficient of haze (COH)] and mortality in Santa Clara County (SCC), California, during the years 1980-1986. Since that time, the Bay Area Air Quality Management District (BAAQMD) has monitored particulate matter < 
Methodology
This study attempts to draw on the extensive experience of previous studies to determine a modeling approach. The sensitivity of conclusions to model choice, meteorological adjustment, and covariates has been extensively investigated [e.g., (1, (8) (9) (10) ]. These studies have reached similar conclusions, namely that the choices of (reasonable) model and (reasonable) meteorological adjustment do not appear to greatly affect conclusions on the relationship between mortality and particulates, but the inclusion of other air contaminants often causes a substantial increase in the standard error of the particulate regression coefficient and sometimes a drop in the level of the coefficient. In other words, there can be substantial confounding of these variables.
Based on these considerations, various models were tried, including Poisson regression with either linear predictors or generalized additive models (GAMs) for temporal and weather variables, and models with an overdispersion fit using quasi likelihood.
The disadvantage of the GAM approach is that it does not provide simple coefficients. Because the focus is on pollutant variables, however, this lack is not of great concern. The advantage is that the GAM approach is less likely to induce lack of fit. Thus, we will use the GAM approach. Models with an overdispersion parameter are useful for certain deviations from the Poisson model. However, if the Poisson model appeared adequate, it would be tised.
The modeling strategy follows that of Samet et al. (10) Residuals were checked for extreme values. The CAM approach minimizes problems with any nonlinearity between the response and the temporal and weather variables.
To test the sensitivity of the results to the use of CAM, a parallel modeling approach was performed using sine and cosine terms for time and day of year and polynomials in minitnum and maximum temperature.
A simulation ofthe model-fitting process.
The statistical significance level for testing a parameter in a model is based on the assumption that the selection of the model was made before the data were gathered. In practice, this is rarely the case, so the defacto assumption is that the process of model-building has a minimal effect on the significance level.
An approach to finding more realistic significance levels is to simulate the modelbuilding process itself. To that end, an SPlus function was developed to simulate the following approximation of model-building. The idea was to simulate data from a true model that contains no pollutant term, then simulate the building up of the model and the fitting of a pollutant variable. The set of pollutant variable coefficients thus obtained should form a more realistic distribution than the simple one where model-building is ignored.
The steps of the simulation were as follows. Initially, a vector of Poisson means was generated by fitting daily mortality data to the seasonal, trend, and weather variables using the (AM approach. An S-Plus function was then invoked repeatedly with different random seeds that performed the following steps: 1. The function simulates a vector of Poisson variates from the initial mean vector. 2. It fits this simulated variate vector to CAM terms for time and day of year in a Poisson regression, increasing the degrees of freedom until there is no improvement in AIC from the addition of another degree of freedom in either GAM term. 3. It uses the optimal number of degrees of freedom for time and day of year from step 2, and adds GAM terms for minimum and maximum temperature, again adding terms until there is no improvement in AIC.
4. It fits the simulated variates to PM,J) in addition to the optimal number of time, day of year, and minimum and maximum temperature GAM terms found in steps 2 and 3, wvith the fitted PM-, coefficienlt ouLtput.
The coefficient found from the actual data is then compared to the resulting distribution of simulated coefficients, providing what may be a more realistic p-value.
The data. California mortality data were obtained from the California Department of Health Services (Sacramento, CA) for the years 1989-1996. Counts of daily total nonaccidental mortality (henceforth described as mortality), respiratory mortality, and cardiovascular mortality were extracted for SCIC residents who died in-county, using the same International Classification of Diseases, Ninth Revision (11) codes as in the previous study (3) .
Pollutant data were obtained from the BAAQMD pollutant database. Long-term PM1O data were available for only one SCC site San Jose 4th Street. These data cover the full period on an every-6-day schedule, with an every-other-day schedule during the first 3 years. This site also provided PM1o constituents nitrate and sulfate on the 6-day schedule and daily COH values. PM215 and PM10-2)5 were also available from a research model dichotomous sampler that operated at this site from 1990 through 1996 on the satne 6-day schedule.
Ozone, carbon monoxide, and nitrogen dioxide data were also obtained for the 4th Street site. Although data for ozone were available from some other SCC sites, these were not included in the interests of simplicity. Because national standards are health-based it seemed reasonable to include variables with averaging times as defined in the standards, namely maximum 8-hr ozone, maximum 8-hr CO, and 24-hr NO,. Nevertheless, 24-hr CO and ozone were also considered.
Comparisons Generally, the results for the 1980-1986 period are similar to those of 1989-1996. In particular, with the exceptioni of ozone, the coefficient for every pollutant or the lagged pollutant is statistically significanit. In pairw ise models with lagged COH, the other pollutants are no longer statistically significacnt. l agged C(OH remains highly significanit in conbin.ation with NO, and ozone; with CO, it is nlot statistically significant, but its regressioin coefficienlt is little changed. NO2 is aRelative risks calculated by exp(b x Ap) -1, where b is the pollutant coefficient from the Poisson regression, and Ap 50 for PM10, corresponding to the increment used in the criteria document 1). For other pollutants, p, the increment was 50 x SD(pI/SD(PM10); e.g., SD(PM2.5) = 13, SD(PM10) = 23, so for PM2 5, Ap = 50 x 13/23 = 28. bAll models include 7 generalized additive model terms for trend, 12 for season, 3 for minimum temperature, and 2 for maximum temperature. cLagged variables were used if they appeared to fit better lagged than unlagged. Thus, lagged CO and lagged COH were used when fitting jointly with other pollutants. dPollutants are lagged CO, lagged NO2, 8- and PM2 5, NO3, and CO were associated with cardiovascular mortality. For PM1O, PM1I2.5, NO3, and CO the point estimates for risk were higher than those in Table 4 .
Analyses by season. Analyses were performed by season for pollutants with the highest partial correlations with mortality (Table 7) . In most cases, the change in relative risk is not statistically significant. Based on Tukey's studentized range distribution, the risks differ significantly from season to season for NOY For the other pollutants, the differences in risk between seasons are not statistically significant.
Discussion
One striking result of the analysis is that although the Bay Area met every air quality standard in the early 1990s (and would have met the new 8-hr ozone and PM2.5 standards had they been in effect), there is a statistically significant correlation between each pollutant considered (except coarse fraction PM1O) and mortality. Second, the regression coefficients of other pollutants that are correlated with particulates-CO and NO2-drop to nonsignificance in a regression that also includes some measure of fine particulates (either PM2.5 or NO3), whereas there is little change in the fine particulate coefficients. This suggests that fine particulates (or what fine particulates may be a surrogate for) may be the real culprits. The result that NO3 had the strongest association with mortality is clearly of practical importance and worth investigating for other areas.
The level of PMIO effect found-a rela- No evidence for a threshold was found. Although the COH coefficient was substantially lower for the [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] period than for 1980-1986, the result did not appear to be due to the lower particulate levels in the later period. One point that is important to keep in mind is the role of chance in these comparisons; because there is marginal power to detect effects of this magnitude, some data sets may yield nonsignificant results whereas others yield highly significant results.
Although the results for respiratory and cardiovascular mortality showed fewer significant results than for mortality as a whole, the level of effects appeared somewhat higher. The number of cardiovascular and respiratory deaths is considerably smaller than all deaths (Table 2) , so the power to detect an effect is less unless the effect is much larger.
The results by season were ambiguous. The lack of statistical significance of most of the coefficients can be attributed to lack of power. The criteria document (1) found that a minimum sample size of 400 was necessary to achieve reasonable power in epidemiologic studies such as this. For PM2 5, NO3, and S04, there were approximately 100 observations per season, far below the 400 observations necessary to achieve reasonable statistical power. Nevertheless, a statistically significant difference in effect was found for NO3, with positive effects for winter, spring, and summer, and a negative effect for fall; although only the winter coefficient was statistically significant, the range of coefficients was larger than expected by chance.
This analysis has found associations between air pollution variables and mortality-especially with fine particulate variables-similar to the levels of associations found in the studies that were used to justify the new PM2 5 standards. Yet the Bay Area probably meets these new standards. The 
